Exfoliated black phosphorus has recently emerged as a new two-dimensional crystal that, due to its peculiar and anisotropic crystalline and electronic band structures, may have potentially important applications in electronics, optoelectronics and photonics. Despite the fact that the edges of layered crystals host a range of singular properties whose characterization and exploitation are of utmost importance for device development, the edges of black phosphorus remain poorly characterized. In this work, the atomic structure and the behavior of phonons near different black phosphorus edges are experimentally and theoretically studied using Raman spectroscopy and density functional theory calculations. Polarized Raman results show the appearance of new modes at the edges of the sample, and their spectra depend on the atomic structure of the edges (zigzag or armchair). Theoretical simulations confirm that the new modes are due to edge phonon states that are forbidden in the bulk, and originated from the lattice termination rearrangements. While little work has so far been done on phonon edge states, they are expected to have a significant impact on physical properties such as thermal conductivity and heat dissipation, which even removed from edges have been shown to be highly anisotropic [16] [17] [18] [19] . Using a Boltzmann thermal transport equation, Jain and McGaughey [20] were able to show that the optical phonon modes give a significant contribution (from 15 to 27% depending on the direction of transport) to the thermal conductivity of phosphorene. Furthermore, Zhang et al. [21] simulated the thermal transport properties of phosporene nanoribbons with different widths and different orientations and showed that the thermal conductivity is reduced at the edges. This kind of behavior is also observed on the edges of graphene nanoribbons, and other semiconductors such as silicon and germanium. It is therefore clear that a full characterization of edge effects is imperative, not only from the structural and fundamental physics point of view, but also for the technological applications of this novel material.
Black phosphorus (BP) is a thermodynamically stable allotrope of phosphorus that exhibits a layered structure, from which two-dimensional (2D) crystals can be obtained by means of mechanical exfoliation. Similar to graphene and MoS 2 -like transition metal dichalcogenides (TMDs), the edges of BP can present armchair or zigzag atomic structures [1] . These different types of crystallographic edges in graphene and TMDs are known to yield different magnetic, electronic and optical properties [2] [3] [4] [5] [6] . Few studies, however, have reported on the edges of the lamellar puckered structure of BP [7] [8] [9] , and its 2D counterpart, phosphorene [1, [10] [11] [12] [13] [14] [15] . Previous theoretical simulations on phosphorene nanoribbons have demonstrated relaxation in the three atomic rows that are closest to the edges, and this rearrangement changes the mechanical properties of the material [1] . Density functional theory (DFT) calculations have also shown that the nanoribbons can present a semiconductor or metallic character depending on the type and functionalization of the edges due to the appearance of electronic edge states [14] . Such states have also been experimentally probed in single-layer phosphorene with scanning tunneling spectroscopy [13] .
While little work has so far been done on phonon edge states, they are expected to have a significant impact on physical properties such as thermal conductivity and heat dissipation, which even removed from edges have been shown to be highly anisotropic [16] [17] [18] [19] . Using a Boltzmann thermal transport equation, Jain and McGaughey [20] were able to show that the optical phonon modes give a significant contribution (from 15 to 27% depending on the direction of transport) to the thermal conductivity of phosphorene. Furthermore, Zhang et al. [21] simulated the thermal transport properties of phosporene nanoribbons with different widths and different orientations and showed that the thermal conductivity is reduced at the edges. This kind of behavior is also observed on the edges of graphene nanoribbons, and other semiconductors such as silicon and germanium. It is therefore clear that a full characterization of edge effects is imperative, not only from the structural and fundamental physics point of view, but also for the technological applications of this novel material.
In this work we report on an experimental study of armchair and zigzag edges in exfoliated BP flakes by polarized Raman spectroscopy [22] , conducted by hyperspectral imaging (see only be explained by the rearrangement of the atomic structure at the edges of the crystal [1] , leading to the appearance of edge phonon modes. The numerically obtained Raman tensor elements near the distorted edges explain the appearance of forbidden symmetry modes in the polarized Raman spectra, and our results show that edge phonon states arise as a consequence of reconstructed atomic structure at the edges. modes, according to frequency assignment from previous work [8] . These two modes are not allowed by group theory analysis when the light polarisation lies in the xz plane [22, 23] , and the reason for their observation will be discussed later in this work.
The complete study of the polarized Raman spectra of the analysed BP flake is shown through hyperspectral images in Figure 1 Accordingly, the B 1g and B 3g modes, which were already very weak in the 300-nm thick flake, could not be distinguished for the two thinner flakes.
All the anomalous results shown at the edges of the BP flake in Figure 1 (XZ configuration). On the other hand, the Raman tensor of the B 2g acquires diagonal components and, thus, a signal can be observed when the analysed scattered polarisation is parallel to the incident polarisation (ZZ and XX configurations). Finally, the B 1g and B 3g
Raman tensors, which usually have only xy and yz elements, respectively, acquire xx, zz and xz components at the edges of BP, leading to the observed anomalous signals. As shown in the following, the changes in the Raman tensors result from the previously reported lattice reconstructions near the edges [1, 13] , giving rise to edge phonons with different symmetries.
In order to elucidate the physical origin of the anomalies in the polarised Raman spectra at the edges of black phosphorus, we performed ab initio density functional theory calculations to determine the rearrangement of the atomic structure at the crystal terminations and its effect on the phonon modes, for both zigzag and armchair edges. Figure 2 shows different perspectives of the relaxed unit cell used in this work. Since previous experimental studies performed with samples of the same origin [24] show that the BP crystals are AB stacked, we have considered infinitely thick and ∼ 13Å wide BP slabs consisting of AB-stacked layers [25] [26] [27] , with lateral surfaces terminated by either zigzag or armchair edges.
Starting with the armchair termination (Figs. 2(a-c) ), we note a clear reconstruction of the edge. Figure 2 (Figs. 2(d-f) ). The top view of Figure 2(d) shows one layer of the zigzag-terminated slab. From this perspective the most noticeable feature is the stretching and contraction of the puckered structure along the x direction, i.e., one can notice that the distance between the projected atoms in the hexagons clearly varies Information) . These displacements can be compared to those for the bulk material (see Supplementary Information). These modes were assigned by comparing their frequencies and displacements with those of bulk BP. One can note that the atomic displacements in the middle of the slab somewhat resemble those observed for the bulk modes. Furthermore, they also correspond to the modes seen in the interior of the sample in the experiments.
On the other hand, near the surface, edge reconstruction causes dramatic changes on the atomic displacement vectors. This result is independent of the slab width, and is in fact the physical mechanism behind the anomalous behaviour of the phonon modes in the polarised Raman spectra. In particular, we clearly observe, for the B Figure 1 . There is a noticeable resemblance between the calculated and the experimental maps in Figure 1(d) . First, we could observe the appearance of the A g and B 2g modes in the XZ and ZZ spectra, respectively. Moreover, the activation of the forbidden modes B 1g , for the zigzag surface, and B 1 3g , for the armchair surface, with the XZ scattering configuration reveals that this is not a simple effect induced by confinement. Finally, we can conclude that the relaxed zigzag and armchair surfaces effectively describe the physical phenomena experimentally observed at the edges.
In order to further assess the mechanism behind the anomalous appearance or mode enhancement, Figure 4 (b) shows a comparison between the Raman spectra of the perfectly defined zigzag surface and the Raman spectra of the relaxed structure, where the atomic structure is reconstructed at the edge. Firstly, we can observe that the B 1g and B 1 3g modes appear only in the spectrum of the relaxed structure. Furthermore, only in the relaxed structure a significant increase in the A 1 g mode intensity occurs. In general, due to broken symmetry at the edges, forbidden scattering becomes allowed and new phonon modes can appear at the edges, as in the case of D band in graphene edges [28] . However, as shown in Figure 4 (b), this is not the case for BP. The observed edge phonon modes arise as a consequence of the reconstruction of the atomic structure near the edges, and not simply due to the breakdown of the translational symmetry.
CONCLUSION
We have used polarised Raman hyperspectral imaging to study flakes of exfoliated black phosphorus with thicknesses spanning from 300 nm down to 6 nm, and exhibiting well defined zigzag and armchair atomic edge structures. The polarisation of the incident and scattered light were changed with respect to the edge directions in order to distinguish the bulk phonon modes of different symmetries. Whereas the spectra obtained in the interior of the sample could be well described by group theory analysis based on the Raman tensors for each symmetry mode, anomalous results were observed at both the zigzag and armchair edges. The totally symmetric A g modes were observed in the crossed polarisation configurations, and the B 2g symmetry mode was observed in the parallel polarisation configurations, whereas the B 1g and B 1 3g symmetry modes, not observed in the sample interior, were observed near the edges. These observations clearly indicate the presence of edge phonon modes in black phosphorus. The experimental results were explained by density functional theory (DFT) calculations that predicted the local rearrangement of atoms near the edges, as well as changes in the atom displacements corresponding to each Raman mode, leading to the emergence of additional Raman tensor elements. The resulting simulated hyperspectral Raman images of the studied flake were shown to be in excellent agreement with the experimental data and, therefore, capture the existence of edge phonons in BP. This work, thus, improves the understanding of the phonon behaviour and of the morphology at the edges of black phosphorus, and will contribute to the development of optimized photonic, phononic and electronic devices using this material, especially those employing edges and nanoribbon-like geometries.
METHODS Experimental Methods
Raman images were obtained in a confocal Raman spectrometer (WITec Alpha 300R) using a 488 nm (2.54 eV) laser line and a 100× objective lens. To avoid laser induced thermal effects the optical power was kept constant at 1 mW during all measurements.
Polarised Raman spectra were obtained by inserting an analyser, aligned either parallel or perpendicular to the polarisation of the incident light, before the spectrometer entrance. A multimode fiber, positioned after the analyser, was able to depolarise the light sent to the spectrometer, effectively removing the polarisation dependence of the diffraction grating.
Flakes of BP with a rectangular geometry were produced by mechanical exfoliation onto a Si substrate with a 300-nm-thick SiO 2 cover layer. The crystal orientation and the edge character (zigzag or armchair) were obtained from linear dichroism, HRTEM and electron diffraction measurements (see Supplementary Information) . The thicknesses of the studied flakes were 300, 30 and 6 nm, as measured by atomic force microscopy. The flake shown in Figure 1 exhibits a 300-nm thickness. In order to avoid oxidation or other environmental degradation effects, all measurements were carried out with a continuous flow of nitrogen gas.
During experiments the incident light remained polarised along the horizontal direction of Figure 1 and the sample was rotated 90 degrees so that the polarisation could be parallel or perpendicular to each edge. However, for simplicity, all data are shown in the sample's reference frame, within which the incident light is polarised along the x or z axes.
Theoretical Methods
In all calculations, plane-wave density functional theory [29, 30] was employed to obtain the electronic ground-state using the Perdew-Burke-Ernzerhof (PBE) [31] generalized gradient exchange-correlation functional, currently implemented in the Quantum-Espresso package [32] . Van der Waals corrections within the semi-empirical dispersion scheme (PBE-D) proposed by Grimme [33] were also included. Norm-conserving pseudopotentials with 3s3p states were adopted to describe electronic states of phosphorus. The Brillouin zone was mapped within the Monkhorst-Pack scheme using 7 × 7 × 7 k-sampling grid for the bulk and a 10 × 7 × 1 (1 × 8 × 8) grid for the armchair (zigzag) slab samples. The kinetic energy cutoff was set at 90 Ry and 100 Ry for bulk and slab geometries, respectively.
Furthermore a vacuum region of 16Å was adopted for the supercell related to the surfaces.
The structures were fully optimized to their equilibrium positions with forces smaller than 0.002 eV/Å and the unit cells were relaxed to a target pressure of 0.2 kbar.
The armchair structure was constructed by cutting the bulk black phosphorus along two xy planes. Thus, the slab is composed by 8 atomic rows that extend along the z-axis, yielding a width of ∼13Å. The zigzag edge was built by cutting the black phosphorus crystal along two yz planes. The width of the slab is ∼13.5Å and the system consists of 12 atomic rows per layer that are parallel to the y-direction. In all cases, in order to obtain an AB-stacked slab while maintaining an orthorhombic unit cell, we considered a periodically repeated double layer of BP in our calculations.
Within density functional perturbation theory (DFPT) [34] [35] [36] [37] , the linear response approach can be used to calculate the dielectric tensor, the different vibrational frequencies, and corresponding normal modes. Within the Placzek approximation [37] , the Raman intensity for a particular normal mode ν with frequency ω, related to the nonresonant Stokes process, is obtained as
where e i (e s ) is the incident (scattered) light polarisation, n ν the Bose-Einstein distribution, and A ν is the Raman tensor with matrix elements
where E el is the electronic energy of the system in the presence of a uniform electric field E l(m) along direction l(m), u kγ corresponds to the γ − th component of the normal mode on atom k, and M k is the corresponding atomic mass.
Once the Raman tensor is calculated, we are able to choose, according to the experimental setup, the direction of the incident (scattered) light and thus obtain the Raman intensities using equation 2. The zigzag and armchair BP surfaces exhibit a larger number of the vibrational modes; the zigzag surface presents 72 vibrational modes (24 atoms in the unit cell) including active and inactive Raman modes, as well as confined modes. In order to identity the modes we first focused on a frequency interval around the frequency of the active bulk vibrational mode, and then compared the atomic displacement vectors with those found for the bulk modes. The Raman tensor for all the structures were calculated using the PHonon code [32] , currently integrated into the Quantum-Espresso package. In order to obtain the simulated hyperspectral image we considered, for the interior of the flake, the bulk Raman tensor and evaluated the elements corresponding to each scattering configuration.
For the edges, we considered the values obtained for the Raman tensor elements of the slabs, with the corresponding edge termination and polarisation configuration.
